This paper assesses the technical and economic feasibility of a novel idea: Reducing the emission of carbon dioxide, the greenhouse gas contributing to global warming, by combusting solid wastes with industrial oxygen mixed with recirculated flue gas. The process gas, consisting mosdy of carbon dioxide, would be compressed and used in Enhanced Oil Recovery (EOR) projects. By using municipal and other organic wastes that are currendy landfill ed as a fuel and sequestering the carbon dioxide product of combustion underground, such a process would provide the maximum environmental advantages possible, by producing electricity renewably without emitting greenhouse gases. The results of this preliminary analysis indicate that this may be a good opportunity to reduce carbon emissions at a lower cost than other methods of carbon sequestration.
Introduction
Over the past decade, there has been growing interest in reducing greenhouse gas emissions that contribute to global warming. While the U.S. is not a member nation of the Kyoto Protoco� several greenhouse gas emissions trading initiatives are being planned or implemented at the state level and at least one is being proposed in the congress. This paper assesses the technical and economic feasibility of combusting a selected stream of solid wastes with industrial oxygen mixed with recirculated flue gas consisting mosdy of carbon dioxide, thus resulting in a high-C02 product stream that can be captured, compressed and sold to Enhanced Oil Recovery (EOR) projects.
Enhanced Oil Recovery by Carbon Dioxide Injection
A key element of the economics of this process is the availability of a market for CO2 utilization or disposal. Currendy, several commercial processes exist that utilize and effectively dispose of pure carbon dioxide. The major market is that for enhanced oil recovery (EOR). In EOR, carbon dioxide is injected in oil wells and dissolves in the "in situ" oil, thus increasing its volume and reducing its viscosity. This increases the mobility of the oil, resulting in the recovery of oil that has been by-passed by primary and secondary recovery methods. Typical carbon dioxide "floods" can yield an additional 7 to 15 percent of the original oil in place (OOIP), thus extending the life of a producing field by as much as 15-30 years (Moritis, 2001) .
The use of carbon dioxide is the fastest growing method of EOR and accounts for about 25% of all EOR projects in the US. According to a recent EOR survey (Ruether, 2002) , there are 64 ongoing CO2-EOR projects in the US, accounting for 3.3% of total US crude production. Of these, 47 are located in the Permian Basin area of West Texas and Southeast New Mexico, shown in Figure 1 (Ruether, et al 2002) . Other areas include the Rocky Mountains, Oklahoma and Mississippi. Most of the carbon dioxide supplied to these fields originates from large underground deposits of naturally occurrin g, high purity CO2, Three such deposits transport by pipeline over 1 billion cubic feet per day ( >61,000 short tons of CO2 per day) of 97-99% pure CO2, A much smaller number of projects use CO2 waste streams from natural gas processing facilities and fertilizer plants. The use of carbon dioxide in EaR is expected to grow significandy, ensuring a stable market. In the Permian Basin alone, there are another 50 potential projects, with estimated oil reserves of 500 mill ion to one billion barrels, that are economically viable at current prices and technology. The largest potential region for CO2 -EaR is in California.
California is the fourth largest oil-producing state and has many mature fields that are ideal for CO2 injection. In a DOE sponsored project, Chevron is conducting a CO2-EaR experiment in the Lost Hills field that was discovered back in 1910. The field's cumulative oil production to date has been only 5% of the original oil in place (OOIP), largely due to its low permeability. The experiments have demonstrated a rapid oil response and it is believed that CO2 injection may increase the field's oil recovery to 20% of OOIP (Ruether et al, 2002) . If the project proves successful, this technique could be used to recover billi ons of barrels of oil trapped in the siliceous shales and diatomite reservoirs in other parts of the state (Montgomery et al., 2000) .
Another recent study estimated the ann ual demand for the entire state of California to be of the order of 180 million to 305 mill ion short tons of carbon dioxide. At the Chevron project, CO2 is currendy being trucked over 120 miles to the injection site at a cost of $3.5 per thousand cubic feet (NTP) of CO2, This amounts to $69 per short ton of carbon dioxide and ill ustrates the seriousness with which oil companies are considering the benefit of CO2 injection.
The primary reason that the California CO2-EaR demand has yet to be satisfied is the lack of a stable, readily available supply of carbon dioxide. Often, the construction of pipelines to transport CO2 from far away natural reserves through mountainous terrain has not proven to be economic.
The economics of a CO2-EOR -::> roject are heavily tied to the price of oil and the availability of CO2, In fact, the purchase of CO2 constitutes the largest cost of a CO2-EOR project. Currenciy, the floor prices for providing CO2 from various sources are shown in Table 1 . The response of oil production to CO2 injection varies from field to field but the use of gas is typically it takes between 2.5-11 Mcf of CO2 injection to produce one barrel of incremental oil production. The average consumption of CO2 is 6 Mcf/bbl. In order to assess the value of CO2 for enhancing oil production at any particular time, the following relationship was proposed by Martin and Taber (1992) :
Value of CO2 in $/thousand cubic feet (NTP) = 0.50 + .02 * oil price in $/bbl
The next few years will likely see strong growth in CO2-EOR projects. It has been estimated that if inexpensive CO2 were available to all U.S. oil fields, the total demand would be of the order of 60 to 100 trilli on cubic feet (Martin and Taber, 1992) . Due to the disperse locations of the target fields and increasing urgency of reducing greenhouse gas emissions, carbon dioxide captured from power plant exhaust gases may well become a growing part of the supply mix.
MSW as an Energy Feedstock
Municipal solid wastes (MSW) are a negatively priced, abundant and essentially renewable feedstock. Currenciy, about 220 million tons per year or 0.8 tons of MSW per capita are generated in the U.S. (Klein, 2002) . The composition of these wastes varies from one community to the next, but the overall differences are not substantial. Table 2 shows two separate estimates of the typical U.S. MSW composition. When discarded in landfills, MSW is digested anaerobically releasing large quantities of methane and carbon dioxide. The heat content of raw MSW depends on the concentration of combustible organic materials in the waste and its moisture content. On the average, raw MSW has a heating value of about 13,000 kJ/kg or half that of bituminous coal (Smoot & Smith, 1985) . The moisture content of raw MSW is 20% on average. Based on the data by Tchobanoglous (1993), Themelis and Kim (2002) showed that the hydrocarbon formula that most closely approximates the mix of organic wastes in MSW is C6Hl O 04• Raw MSW can be converted into a better fuel for power generation by making it more homogeneous. Some waste-to-energy plants process MSW to refuse-derived fuel (RDF), by means of separation of inert materials, size reduction, and densificartion to produce a nearly homogeneous fuel. The densified material is more easily transported, stored, combusted and gasified than raw MSW.
In addition to MSW, there are other combustible waste materials that presendy discarded in landfill s. For example, it is estimated that over five mill ion tons of Automobile Shredder Residue are land£illed.
Plant Design Overview
The proposed processing scheme is based on the SEMASS suspension-fired Waste to-Energy plant at Rochester, MA, developed by Energy Answers Corporation, and proven technology for CO2 recycling that is used in the coal industry. Primary and secondary air for combustion are introduced as depicted in Figure 3 . Waterwall tubes, a superheater and an economizer are used to recover heat for production of steam. However, in the proposed process that uses bulk oxygen instead of air, the oxygen would be diluted by recirculating a portion of the product gas (mosdy COz,)back to the boiler, so as to control the combustion temperature. The use of an oxygen-C02 mixture avoids the need for gas separation after combustion.
For effective CO2 transport and utilization or disposal, all CO2 recovery options include CO2 drying and compression to 135 atmospheres pressure (2,000 psi). Non condensable gases such as N2, O2, S02 and NO� are stripped from the liquid CO2 during compression (Simbeck, 2001) . Thus, it is important that condensable compounds, such as tars, are removed prior to compression to avoid operational problems during compression. The use of bulk oxygen allows for control of the temperature of combustion and elimination of tars in the flue gas. Furthermore, the use of oxygen will reduce the need for large amounts of excess air, as in conventional WIEs, thereby reducing the size and cost of the flue gas cleaning equipment.
Economic Analysis
In order to assess the cost of a Waste-to-Energy combustion plant supplied by bulk oxygen mixed with recirculated flue gas consisting mosdy of carbon dioxide, the following estimates were made on the basis of information available for the SEMASS facility of Also, the following capital and operating costs for the oxygen plant were obtained from data reported by Air Products and Chemicals. The Air Products "11M" oxygen plant is a new technology that is expected to become commercially available in the near future.
APC "11M" 3200 tons/day plant (Air Products and Chemicals):
Capital cost:$13,000/daily ton capacity Operating cost (excluding energy): $0.71/ton oxygen Energy consumption: 147 kWh per ton of oxygen
The capital charges were estimated on the basis of the following assumptions::
Capital charge rate: 12% of capital cost/year Annual capacity factor of 83% (7270 hours/year) The economic analysis was conducted so as to determine the break-even tipping fee. Table 3 summariz es the assumptions used and the resulting cash flow. The analysis indicates that excluding any revenue from carbon dioxide credits, the break-even tipping fee is about $59 per ton, which is competitive with existing WfE technologies.
As noted above, the capital and operating costs of the plant were based on the costs of the SEMASS combustion facility located in Rochester, Massachusetts. This plant combusts one mill ion short tons of MSW per year and has a gross power rating of 78 MW. The cost of the oxygen plant was based on published data by Air Products and Chemicals for its novel 11M process that is reported to have a capital cost of about 65% of the conventional cryogenic process and consumes only 147 kWh per ton of oxygen, that is 60% of the energy consumption of the cryogenic process. The drying and compression capital costs were extrapolated from an economic analysis conducted for the National Energy Technology Laboratory (NETL) by SFA Pacific. Revenue generated from the sale of carbon dioxide was based on the equation developed by Martin and Taber, using an oil price of $30/bbl.
At an oil price of $20/bbl, the break-even tipping fee increases to about $63/ton, which is still competitive. Additional sources of potential revenue for the process under consideration include the sale of nitrogen from the oxygen plant, carbon dioxide credits and the beneficial use of the high-temperature ash (or a reduced disposal expense). However, as these markets are not sufficiendy developed or always available, these items were not included in the analysis.
Conclusions
The preliminary economic analysis presented in this paper indicates that carbon dioxide capture from a Waste-to-Energy plant may be economically and technologically feasible. However, this is contingent on the availability of a market for the utilization or disposal of the carbon dioxide. Prior studies have shown that Enhanced Oil Recovery projects that utilize carbon dioxide are expanding rapidly (Mortis, Montgomery, and Ruether et al) . For geographic areas such as Southern California, that are far from natural carbon dioxide reservoirs and have mature oil fields, it appears that the demand exceeds the supply, especially in the current environment of high oil prices. Carbon dioxide derived from industrial processes, such as the combustion of solid wastes, could fill this role economically, especially if the WTE plants are sited near the EaR projects. The primary reason that an oxygen-fired combustion plant that captures carbon dioxide has not yet been commercialized is the concern that the capital and energy costs of producing significant quantities of oxygen would be prohibitively expensive. However, in recent years there has been significant innovation in the field of oxygen separation that gready reduces the energy consumption per ton of oxygen produced and the capital cost of the oxygen plant. These factors, coupled with the concerns over greenhouse gas emissions and the prospect of carbon dioxide taxes or emissions trading system that would further enhance the economics of a CO2 capturing scheme, provide the impetus to look at such projects seriously.
From a technology viewpoint, the individual components of the proposed process are available today and have been proven to be reliable. For the purposes of this economic analysis, a suspension firing Waste-to-Energy plant was chosen because it is proven technology. However, numerous other combustion and gasification plants should be considered as well.
Combusting an MSW feedstock with industrial oxygen mixed with recycled carbon dioxide, thus resulting in a nearly pure CO2 product stream that can be captured and sequestered, offers numerous advantages. The resulting electricity provided is renewable, the process would be "net carbon negative", and may provide a disposal alternative for non recyclable combustibles that has the advantage of zero greenhouse gas emissions.
